T he third most common site of metastatic disease is the skeletal system, following lung and liver. Within the skeletal system, spine metastases represent the most common site of involvement. 17 Significant pain resulting from destruction of the spinal column, leading to mechanical instability and neurological deficits due to spinal cord compression, are frequent sequelae of metastatic vertebral lesions. 6, 20 The treatment of metastatic cancer in the spine with radiation therapy (RT) has been well documented.
radiation-i.e., structures such as the spinal cord that are within millimeters of the metastatic lesion. 19 Studies have illustrated tumor response to fractionated RT. 10, 11 The underlying mechanism of reduced tumor growth due to high single-dose radiation has been studied using experimental mouse tumor models. These studies have provided supporting evidence that the normal and tumor stem cell response to high single-dose radiation exposure (≥ 15 Gy) is conditionally linked to the induction of microvascular endothelial apoptosis in the targeted tissue. Single-dose RT appears capable of engaging an early vascular component of the tumor response. 5, 18 Dynamic contrast-enhanced (DCE) MRI can provide functional information in regard to tumor vascularity and hemodynamics through the calculation of perfusion parameters such as plasma volume (V p ) and vascular permeability (K trans ). The use of DCE MRI in RT has been previously discussed. 1 For DCE MRI parameters such as K trans , V p , wash-in enhancement slope, and peak enhancement signal, the percentage change in areas of highest wash-in enhancement slope have been shown to be associated with the discrimination of hypervascular from hypovascular spine metastases. 7, 14 The recent emergence of DCE MRI to investigate tumor physiology has provided a tool that can be used to verify the human tumor physiology after high-dose IGRT (HD IGRT) compared with that of the animal models as well, with the potential to identify treatment response.
Studies have yet to illustrate the immediate posttreatment effects of HD IGRT. Our goal was to evaluate the near-immediate effects on V p and K trans , the DCE MRI perfusion parameters of spine metastases that have undergone HD IGRT.
Methods
An institutional review board waiver of authorization was granted prior to the study. Six patients were treated for 8 metastatic spine tumors, including 5 lumbar and 3 thoracic. All patients were male, with a mean age of 60 years. The primary site of spine metastases included 4 prostate and 1 each of renal cell and thyroid (Table 1) .
All patients underwent standard MRI both before and after HD IGRT (1.5-T GE scanner using an 8-channel cervical-thoracic-lumbar surface spinal coil). Images included sagittal T1-weighted (field of view [FOV] 32-36 cm, slice thickness 3 mm, TR 400-650 msec, flip angle [FA] 90°); sagittal T2-weighted (FOV 32-36 cm, slice thickness 3 mm, TR 3500-4000 msec, FA 90°); and sagittal STIR (FOV 32-36 cm, slice thickness 3 mm, TR 3500-6000 msec, FA 90°). For MRI scans obtained before and after dynamic contrast enhancement, a T1-weighted 3D fast spoiled gradient-recalled acquisition sequence with the following parameters was used: TR/TE 3.6/1.1 msec, slice thickness 10 mm, FA 30°, FOV 34 cm, matrix size 256 × 128 in the sagittal plane, number of phases 80. Gd-DTPA at a dose of 0.1 mmol/kg of body weight was administered at a rate of 2.5 ml/sec by power injector.
Data processing and analysis was performed using dynamic image processing software (NordicIce-NeuroLab) and Matlab (Mathworks). Preprocessing steps include background noise removal and spatial and temporal smoothing to reduce high-frequency noise. Automatic detection of the arterial input function (AIF) from the aorta was applied. The AIF was individually calculated in each image acquisition in every patient. Appropriate shape of the AIF curve was visually confirmed before processing steps continued. All regions of interest (ROIs) around the metastatic lesions were placed by a single neuroradiologist (S.K.) in the solid part of the tumor, with careful consideration to avoid venous structures, hemangiomas, disc spaces, cortical bone, and spondylotic changes. Anatomical images that matched the DCE MR images were used in ROI placements. Voxel-by-voxel estimates of quantitative perfusion parameters, including K trans and V p , were determined using a Toft's pharmacokinetic model analysis. 16 All metastases underwent HD IGRT in one of two dose strategies: 24-Gy single fraction (7 tumors) or 27 Gy in 3 fractions (1 tumor). Repeat DCE MRI was performed within 1 hour of completion of the RT and then at subsequent follow-up imaging. To assess the perfusion parameters as predictors of treatment response, V p and K trans of the metastases were calculated before and after RT. These parameters were normalized as a ratio to adjacent nonirradiated marrow and compared before and after RT.
Data Analysis: v p and K trans values 1 hour After rt
A Mann-Whitney U-test was used to quantify the significance of a drop in V p and K trans 1 hour after HD IGRT treatment. The preoperative V p and K trans values were compared with the 1-hour posttreatment V p and K trans values, 
results
One hour after HD IGRT, the DCE MRI studies showed a significant drop in the V p for all 6 metastases (p = 0.03), indicating a lower vascular V p in the tumors after treatment. The K trans remained stable for 3 cases and showed a decrease for the remaining 3 cases (p = 0.06). There was a change in V p (p = 0.31) and K trans (p = 0.1) between 1 hour after RT and the first follow-up, but it was not a statistically significant change, which is consistent with the failure of tumor growth verified on imaging.
structural image
Admission T1-weighted MRI scans were obtained to visualize the location of the metastases prior to HD IGRT (Fig. 1) .
the t1-weighted DCe Perfusion Maps
The T1-weighted DCE MRI perfusion maps illustrate the hemodynamic properties of the spine metastases (Fig.  2) . Pretreatment tumor shows an increased hyperintensity for both V p and K trans , which is in stark contrast to the reduced intensity levels shown for V p and K trans at 1 hour posttreatment as well as at subsequent posttreatment follow-ups. The reduction in intensity of the perfusion parameters correlates with the decrease in vascularity of the tumor, indicating a response.
the v p and K trans values
The V p illustrates a precipitous drop 1 hour after HD IGRT, indicating decreased perfusion of the spine metastasis (Fig. 3) . There was an average drop of 65.2% in V p 1 hour posttreatment among all 6 patients. Subsequent follow-up scans showed continued decrease in perfusion; however, the V p decline was far less on subsequent followup studies. The median preoperative V p was 15.14, whereas the median 1-hour posttreatment V p was 3.94. Similar to the V p trends, the permeability factor (or K trans ) of the DCE MRI illustrated a slight drop at 1 hour after RT (median 2.3) from the preoperative value (median 4.84). In concurrent follow-ups, the permeability factor remained stable. 
Correlation of tumor Progression and Perfusion
At follow-up visit, imaging indicated a new spine metastasis to L-5 for the patient in Case 1, who had previously undergone single-fraction HD IGRT to treat spine metastases in L-4 (Fig. 4) . Perfusion imaging corroborates this finding, with decreased perfusion seen in the treated L-4 metastases and hyperperfusion for the newly identified L-5 spine metastases (Fig. 5) . Perfusion imaging shows findings concurrent with conventional MRI studies.
Discussion
The goal of this study was to evaluate the near-immediate effects of HD IGRT on spine metastases through the use of DCE MRI perfusion studies. It has been shown that blood perfusion changes, particularly illustrated by the T1-weighted DCE MRI vascular parameter, V p , reflect tumor response to RT in spinal bone metastases. 2 The V p is a measure of intravascular volume, and a decline in V p after RT probably represents the reduction in vascularity of the successfully treated lesion. The results of our study demonstrate that DCE perfusion imaging correlates with treatment response, as indicated by long-term followup and clinical assessments. This correlates with animal studies as well, in which it was shown that a single dose of radiation (15-20 Gy) to mice with MCA129 fibrosarcoma and B16 melanoma resulted in a rapid wave of endothelial apoptosis, illustrating anatomical evidence of tissue damage 1-6 hours after RT. 4 Apoptotic endothelial cell death involves complex biochemical changes and is mediated by the acid sphingomyelinase (ASMase) pathway. Radiation induces the translocation of the secretory form of ASMase from cytosol into glycosphingolipid contained in the outer leaflet of the plasma membrane, which then hydrolyzes the sphingomyelin to generate the proapoptotic second messenger ceramide. Endothelial cells are enriched with secretory ASMase at a level 20 times that of any other cell in the body, and as a result are sensitive to radiation-induced apoptosis.
The DCE MRI technique demonstrates functional information on tumor vascularity and hemodynamics. A quantitative assessment of vascular features can be achieved by applying a pharmacokinetic model of contrast uptake to the calculated signal intensity changes over time. DCE MRI has the capacity to be a sensitive technique that can detect hemodynamic changes in spine metastases treated with HD IGRT within 1 hour posttreatment. Our clinical findings show concordance with those of animal models, and we anticipate that a similar process is occurring in patients with metastatic disease to the spine after IGRT. The sharp decrease in V p (mean 37.8%) from pretreatment to less than 1 hour posttreatment is in concordance with clinical findings. Longterm follow-up imaging demonstrated a failure of tumor progression for all 6 patients who underwent HD IGRT, indicating successful treatment of the spine metastases. These results also illustrate the advantage of DCE MRI over conventional imaging, which showed no change in appearance of metastases for months after treatment. Logistically, the study provided challenges in that patients were required to undergo RT and then to be transported to the imaging unit within 1 hour after RT. The patients were also required to have long-term follow-up clinically and radiographically.
The sample size was limited in the present study to include only patients who received HD IGRT and in whom a series of DCE MRI studies were obtained over time. To apply a pharmacokinetic model for quantitative analysis, both the precontrast T1 value and AIF must be accurately measured. In the design of DCE MRI acquisition, competing demands for high spatial resolution, coverage, and signal-to-noise ratios often result in inadequate temporal resolution for reliable measurement of the AIF. This is because a low sampling rate due to low temporal resolution can affect the time course of AIF and initial contrast agent wash-in. Saturation effects and missampling can affect the AIF time course and initial contrast bolus, and dispersion of the AIF before it reaches the ROI can also affect DCE MRI quantification. A standard method of analyzing perfusion data by selecting an ROI was used. This method has been shown to be reproducible, although it remains a subjective operator-dependent technique, introducing an inevitable factor of interobserver and intraobserver variability.
Conclusions
We successfully performed serial DCE MRI studies at constant and frequent intervals in patients with spine metastases who had undergone HD IGRT. Our preliminary results suggest that there is an immediate effect of HD IGRT on spine metastases in terms of the vascularity of the lesion, as demonstrated by a precipitous drop in V p , which is a representation of tumor vascularity. We show that DCE MRI can detect such changes less than 1 hour after RT, and this finding is concordant with existing animal models. Changes in blood perfusion may reflect tumor responses to RT in bone marrow. Our long-term follow-up imaging studies confirm that indeed the changes in V p can be appreciated immediately after RT. 
